The periodic operation of a non-isothermal continuous stirred tank reactor (CSTR) using inlet temperature modulation is investigated in this paper. The DC component of the CSTR output concentration is optimized by tuning the modulation parameters of the inlet temperature in order to achieve a maximum conversion using a Nonlinear Output Frequency Response Functions (NOFRFs) based approach. The results show that the new approach is fast and efficient in the analysis and design of the periodic operation of CSTR and can potentially be applied to conduct the optimal design of periodic operation of other chemical engineering processes.
INTRODUCTION
Periodic operations in chemical engineering processes have received extensive attentions in the past decades (Bailey, 1973; Silveston et al., 1995; Petkovska et al., 2010) . The advantages of the periodic operations lie in the fact that the average performance of a nonlinear chemical engineering system under a periodic operation is often superior to the steady-state performance under conventional constant input operations (Douglas, 1972) . Chemical reactors under the condition of a periodic modulation feed were studied both theoretically and experimentally (Silveston et al., 2012; Brzić et al. 2015) . In these chemical reactors, the CSTR is a good candidate because of its significant nonlinearity and has therefore been widely used to study the periodic operation of the flow-rate, concentration or temperature for the improvement of the process operational performance.
In recent years, the periodic operation of the CSTR has been investigated using nonlinear frequency analysis. Particularly, the generalized frequency response functions (GFRFs) method has been applied for the analysis of different types of CSTR for enhancement of process performance through periodic modulation of single or multiple inputs (Marković et al.,2008; Nikolić et al., 2014 Nikolić et al., , 2015 . However, the GFRFs method requires derive the higher order frequency response functions (FRFs), which is difficult to be implemented and widely applied in practice.
The NOFRFs is a novel concept for the analysis of nonlinear systems in the frequency domain (Lang et al., 2007) . The method allows the analysis of nonlinear systems to be implemented in a manner similar to the analysis of linear systems and provides great insight into the mechanisms underlying many nonlinear behaviors (Peng, et al., 2007) . In the present study, the NOFRFs method is applied for the analysis and design of a nonisothermal CSTR under a periodic operation of the inlet temperature. The results demonstrate the advantage of the new approach over existing GFRFs based analysis and the potential of the new analysis in the design of periodic operations for chemical engineering processes.
ISSUES ASSOCIATED WITH ACHIEVING A FAVORAVLE PERIODICAL OPERATION
The output response of nonlinear systems that are stable at zero equilibrium can be represented by a Volterra series (Rugh, 1981) 
where N is the maximum order of system nonlinearity, 
is the definition of the nth order GFRFs with
denoting the integration of
Based on Eq.(5), the concept of the NOFRFs of nonlinear system (1) was introduced by Lang and Billings (Lang and Billings,2005) 
Clearly, using the NOFRFs concept, Eq.(5) can be written as
providing a representation for the system output frequency response similar to the representation in the linear case. When subject to the harmonic input (2), it can be shown that the output response of system (1) contributed by system nonlinearity at zero frequency can be represented using (10) as 
In (11),
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A comparison of Eq. (11) and Eq. (4) implies that the problems with the application of the existing GFRFs based analysis for the favorability of introducing a periodic operation could be addressed by using a NOFRFs based approach. This is because the NOFRFs can be numerically evaluated up to an arbitrary order only using the system input and output data (Lang et al., 2007) .
The NOFRFs based analysis of the periodically operated chemical reaction process
The idea of the NOFRFs based analysis is to numerically determine the NOFRFs
in Eq.(11) using the system input and output data so as to facilitate the evaluation and optimal design of the favorable effects of a periodic operation. This can be achieved by using the method for the evaluation of the NOFRFs proposed in (Lang et al., 2007) 
As   for the inlet and Subscript J for the heating/cooling fluid in the reactor jacket, respectively (Nikolić et al.,2014 (Nikolić et al., , 2015 . All the parameters of the model equations used in the simulation are listed in Table 1 (Marlin, 2000) .
Assume that Eq. (11) can, in this case, be represented as 2 4 2, 4,
Then, the values of 2, (0) Table 2 . Fig.4 The output concentration and temperature when modulation of input temperature with amplitude A=15% and frequency ωF=10 rad/min It can be observed in Table 2 that 4.3 Optimal design using the NOFRFs In order to achieve a minimum value for DC y so as to reach a maximal conversion, it is desirable to find an optimal value for both the periodic operation amplitude A and frequency is to be reached. These demonstrate the significance of the NOFRFs based design for a desired periodic operation.
CONCLUSIONS
In the present study, a new NOFRFs based approach is proposed to analyse and design the periodic operation of a non-isothermal CSTR with a periodically modulated inlet temperature. A comparison between the existing GFRFs based method and the new NOFRFs approach has demonstrated the effectiveness and advantage of the new method. In addition, an optimal design of the periodic operation parameters using the NOFRFs approach has been conducted. The results have shown that the NOFRFs approach has potential to perform an optimal design to reach a maximum conversion of the reactant, which cannot be achieved by existing techniques. 2018 IFAC ADCHEM Shenyang, Liaoning, China, July 25-27, 2018
